Background/Aims: Eribis peptide 94 (EP 94) is a new enkephalin derivative which potently binds to the μ-and δ-opioid receptor. In this study, we determined the effects of EP 94 and potential mechanism(s) involved in cardioprotection of the rat heart. Methods and Results: An acute (5 and 10 min into ischemia) and a chronic (24 h prior to ischemia) EP 94 administration produced a similar 30-40% reduction in infarct size/area at risk and the effects were blocked by the K ATP channel antagonists, HMR 1098 and 5-HD. The cardioprotective effects were blocked by a nonselective nitric oxide synthase (NOS) inhibitor (L-NAME) following acute administration and by a selective iNOS inhibitor (1400W) following chronic administration. Conclusion: These results suggest that EP 94 may have potential for the treatment of ischemic heart disease via a nitric oxide (NO)-K ATP -mediated mechanism.
The first evidence that opioids produced potent and efficacious cardioprotective effects via the activation of opioid receptors was published by Schultz et al. [1] in 1995. These experiments were performed on intact anesthetized rats in which the left coronary artery was occluded for 30 min of index ischemia followed by 2 h of reperfusion. Ischemic preconditioning (IPC) was used as a basis of comparison and was produced by either one or three 5-min periods of left coronary occlusion interspersed with 5 min of reperfusion prior to the 30-min index ischemic period. IPC produced approximately a 70% reduction in infarct size (IS). Similarly, three 5-min infusions of the opioid agonist, morphine, at 100 μg/kg, reduced the IS by approximately 65%, similar to that of IPC. Interestingly, the effects of IPC and morphine were blocked by the ATP-sensitive potassium (K ATP ) channel antagonist glibenclamide [2] . These data and several subsequent publications led to a surge of interest in studying the cardioprotective effects of opioids, primarily as they relate to their role in IPC and more recently postcondi-EP 94 and Myocardial Infarction tioning [3] , the receptors involved and their distal signaling pathways.
Eribis peptide 94 (EP 94) is a newly synthesized opioid peptide similar in structure to the naturally occurring enkephalins such as metenkephalin and leuenkephalin [4] . This compound has recently been shown to reduce myocardial IS in the rat heart and several pig models of ischemia/reperfusion injury by increasing the phosphorylation of eNOS (Ser 1177), suggesting an increase of eNOS activity and a subsequent release of nitric oxide (NO) that is at least partially responsible for the acute cardioprotective effect of EP 94 in pigs. This is the first paper to demonstrate that opioids produce an increase of eNOS activity and NO release. Based on these intriguing results [5] and evidence that several NOS isoforms mediate cardioprotection [6] [7] [8] , we extended these studies to determine the NOS isoforms that mediate the acute and chronic effects of EP 94 in a rat model of infarction. Our second objective was to determine the role of the sarcolemmal and mitochondrial K ATP channel in mediating the acute and chronic effect of EP 94 in reducing IS in the rat heart. This objective was based on our earlier studies where we demonstrated a role for both K ATP channels in the cardioprotective effect of the synthetic opioid agonist, morphine, in isolated and intact rat hearts and isolated chick myocytes [2, 9, 10] . The results obtained suggest that NO and both K ATP channels are very important in mediating cardioprotection following EP 94 administration in rat hearts subjected to ischemia/ reperfusion. 
Methods

Studies followed the
In vivo Surgical Preparation
Male Sprague-Dawley rats (250-300 g) were anesthetized with 100 mg/kg of Inactin and placed on a heating pad. A tracheotomy was performed and the rats were ventilated with room air supplemented with 100% oxygen (the pO 2 was adjusted to approximately 150-200 mm Hg). Catheters were placed in the carotid artery and jugular vein for the measurement of systemic blood pressure, heart rate, blood gases and for the administration of drugs or vehicle. The heart was exposed by a left thoracotomy, and the left coronary artery was isolated and a suture was placed around it to produce an occlusion followed by reperfusion. The heart was subjected to 30 min of total coronary artery occlusion followed by 2 h of reperfusion at which time the artery was reoccluded and Evans blue dye was injected into the jugular vein to stain the nonischemic area of the heart blue. Subsequently, the heart was arrested with a bolus of 10% KCl and removed for the measurement of IS. After the heart removal, it was washed in buffer and cut in a bread loaf fashion into 5-6 pieces. The blue-stained normal region and the ischemic region were separated and placed in separate vials containing triphenyltetrazolium chloride staining solution and incubated at 37°C in phosphate buffer at pH 7.4 for approximately 15 min. Subsequently, the pieces of tissue were placed into vials containing formaldehyde, stored overnight at room temperature and the IS was determined by planimetry the following day. The IS was expressed as a percent (%) of the area at risk (IS/AAR, %) as determined by our dual staining technique. In the AAR, the dark red color represents noninfarcted tissue, whereas, the infarcted tissue remains a pale yellow color.
Experimental Protocols
The various drugs and protocols are shown in figure 1. Nineteen groups with 9 animals per group (total 171 rats) were subjected to the 30-min ischemia/2-hour reperfusion protocol. In all acute experiments, EP 94 was administered at 5 and 10 min into the ischemic period and the antagonists of the various isoforms of nitric oxide synthase (NOS) (l-NAME and nNOS I) and K ATP channels (5-HD or HMR 1098) were administered 10 min prior to ischemia. In the chronic studies, EP 94 was administered 24 h prior to ischemia by intraperitoneal injection and the selective inducible NOS (iNOS) inhibitor, 1400W, or 5-HD or HMR 1098 were administered 10 min prior to ischemia. All drugs were dissolved in water in the original stock solutions, except for 1400W which was dissolved in 95% ethanol and EP 94 which was dissolved in saline. They were then serially diluted in water to the desired concentrations and administered to the animals in water as a vehicle. Gross/Hsu/Nithipatikom/Pfeiffer/ Bobrova/Bissessar
Western Blot Analysis of p-eNOS (Ser 1177) in Rat Heart
Tissues In this experiment, 3 rats were used for each group of treatment. Rat heart tissues (without staining) in the control rats (without ischemia/reperfusion), and nonischemic and ischemic areas of rat hearts subjected to 30 min of occlusion and 5 min of reperfusion were cut into pieces and put in sample tubes containing a protease and phosphatase inhibitor cocktail, snapped frozen in liquid nitrogen and stored at -80°C until analysis. The frozen tissues were homogenized in the additional protease and phosphatase inhibitor cocktail and centrifuged at 10,000 rpm at 4°C for 10 min. The supernatant was determined for protein content using BCA protein assay kit and analyzed for expression of p-eNOS (Ser 1177) and total eNOS (t-eNOS) by Western blot analysis. Proteins were separated on SDS-PAGE (4-15%) BioRad Mini-PROTEAN gels and transferred to a nitrocellulose membrane. Blots were incubated with p-eNOS (Ser 1177) primary antibody (1:1,000), t-eNOS primary antibody (1:1,000) or β-actin primary antibody (1:1,000) at 4°C overnight, followed by goat anti-rabbit IgG-HRP (1:50,000) at room temperature for 1 h. Protein loading, t-eNOS and β-actin were used as loading controls. Detection was made by using ECL Western blotting substrate and captured by Fuji film X-ray (Tokyo, Japan). Band densities were analyzed using Image J software from the NIH.
Statistics
Data were expressed as means ± SEM. All data were analyzed using GraphPad Prism v.4.0. Comparison between groups in hemodynamics and blood gases was performed using a twoway ANOVA with post hoc analysis by the Bonferroni test. A one-way ANOVA was used to compare IS between groups followed by Tukey's post hoc test. A probability value of p < 0.05 was considered statistically significant.
Results
Exclusions
A total of 178 rats were entered into the protocols shown in fig. 1 . Seven rats were excluded due to intractable ventricular fibrillation (3 rats), abnormal blood gases (2 rats) and severe hypotension (mean arterial pressure less than 40 mm Hg, 2 rats). Therefore, 171 rats were included in the data analysis (19 groups of 9 rats).
AAR/Left Ventricular Weight, Hemodynamics and Blood Gases
There were no significant differences in the percent of AAR expressed as a percent of left ventricular weight (AAR/LV, %) compared with the control group. There were no significant differences in the baseline (data not shown) values for heart rate and mean arterial pressure between all groups and at 30 min of ischemia and 2 h of reperfusion (data not shown). Similarly, there were no differences in blood gases or body temperature between groups throughout the experiment (data not shown). 
Dose/Response Studies
In the initial series of experiments we performed a dose/response study using doses of EP 94 between 0.1 and 10 μg/kg i.v. EP 94 significantly reduced IS/AAR at 0.5, 1.0 and 2.5 μg/kg compared to the control group, with the maximal effect occurring at 0.5 and 1.0 μg/kg ( fig. 2) . Based on these data we chose the 1.0 μg/kg dose of EP 94 in all future experiments examining the role of K ATP channels and NO in EP 94-induced cardioprotection.
Role of K ATP Channels in EP 94-Induced Cardioprotection
To investigate a possible downstream pathway which may be mediating the beneficial effect of acute EP 94, the sarcolemmal K ATP channel antagonist, HMR 1098, or the mitochondrial K ATP channel antagonist, 5-HD, were administered 10 min prior to ischemia. Both antagonists completely abolished the cardioprotective effect of EP 94 ( fig. 3 ) which suggests an important role for the K ATP channels as a key mediator in the pathway by which EP 94 reduces IS similar to that seen with a number of other cardioprotective agents as well as IPC and postconditioning. In addition, both 5-HD and HMR 1098 blocked the cardioprotective effects of EP 94 following chronic EP 94 administration (fig. 4) . These results were identical to those obtained in the acute EP 94 studies.
Role of NO in Acute and Chronic EP 94-Induced Cardioprotection
Finally, we investigated the roles of NO and eNOS in mediating the acute cardioprotection produced by EP 94, and the role of iNOS in mediating the chronic cardioprotection produced by EP 94. The chronic administration of EP 94 produced a reduction in IS/AAR equal to that observed following its acute administration and this effect was blocked by 1400W, a selective iNOS inhibitor, administered 24 h after the EP 94 administration (fig. 4) . Interestingly, 1400W did not block the acute effect of EP 94 which is not surprising since eNOS is a more likely target for the early phase of protection. Our experiments with the nonselective NOS inhibitor, l-NAME, the selective nNOS inhibitor, nNOS I ( fig. 5 ) and the selective inhibitor, 1400W, support a major role for eNOS in the acute cardioprotection produced by EP 94. Both the selective nNOS and iNOS inhibitors did not block the protection produced by EP 94 acutely, whereas l-NAME, the nonselective NOS inhibitor, blocked the acute beneficial effect of EP 94 (figs. 4, 5).
Effect of Ischemia/Reperfusion and EP 94 on the Phosphorylated-eNOS (Ser 1177)
Western blot analysis of rat heart tissues obtained from the control rats, and from nonischemic and ischemic areas of rat hearts subjected to 30 min of occlusion and 5 min of reperfusion with or without acute administration of EP 94 (1.0 μg/kg), showed an increase of the ratio of peNOS (Ser 1177)/t-eNOS. A 3-fold and a 2-fold increase of the ratio of p-eNOS (Ser 1177)/t-eNOS were observed in the ischemic and nonischemic areas, respectively ( fig.  6a) . Interestingly, EP 94 produced a 12-fold increase of the ratio of p-eNOS (Ser 1177)/t-eNOS in the ischemic areas of rat heart tissues and only about a 2-fold increase in the nonischemic areas compared with the heart tissues of the control rats ( fig. 6b) . The intensity of the immunoreactive bands of t-eNOS of the ischemic area tissues appeared to be higher than the control and nonischemic area tissues due to the protein loading as indicated by the band intensities of β-actin in these samples ( fig. 6a, b) .
Discussion
The results of the present study suggest that the enkephalin derivative, EP 94, possesses potent cardioprotective effects in reducing IS in an in vivo rat model of infarction. The optimal effect was observed at 0.5 μg/kg i.v. and its effect decreases with higher doses. The maximal effect was approximately a 30-40% reduction in IS expressed as a percent of the AAR. To prolong the plasma concentrations, EP 94 was administered as 2 boluses of 0.5 μg/kg i.v. at 5 and 10 min after the onset of the 30-min index ischemia period. It is likely that EP 94 did not get to the heart during the ischemic period and its action probably occurs during the early reperfusion period. It would be of interest to determine if EP 94 is equally effective in rat hearts when administered just prior to reperfusion as suggested by recent data obtained in pig hearts [5] , since this is the point where the heart is most susceptible to reperfusion-induced injury.
The magnitude of the effect of EP 94 in reducing IS/ AAR (%) was equal to that seen with most opioid agonists studied in this model, including morphine [2] and TAN-67 [11] , although EP 94 is one of the most potent compounds we have investigated in this model, if not the most potent. There were no noticeable effects of EP 94 on peripheral hemodynamics including heart rate and blood pressure. Similarly, no effects were observed on blood gases or body temperature throughout the experiments.
To investigate a possible downstream pathway which may be mediating the beneficial effect of EP 94, we administered the sarcolemmal K ATP channel antagonist, HMR 1098, or the mitochondrial K ATP channel antagonist, 5-HD, prior to EP 94 administration. Both antagonists completely abolished the cardioprotective effect of EP 94. This suggests an important role for the K ATP channel as a key mediator in the pathway by which acute EP 94 reduces IS similar to that seen with a number of other cardioprotective agents [12] as well as IPC and postconditioning [6] [7] [8] . Furthermore, both 5-HD and HMR 1098 blocked the delayed cardioprotective effect of EP 94 when administered 24 h after EP 94 treatment, which is similar to the data obtained in the acute experiments. Finally, we investigated the ability and mechanism by which EP 94 produces the second window of cardioprotection 24 h after EP 94 administration and the role of NO and iNOS. We found that chronic EP 94 administration produced a reduction in IS/AAR equal to that observed following its acute administration and that this effect was blocked by a selective iNOS inhibitor, 1400W, administration 24 h after the EP 94 administration. These results suggest that EP 94 probably upregulated iNOS upon chronic exposure to EP 94. The detection of iNOS expression at various times during this chronic treatment protocol may provide direct evidence for this hypothesis. This finding that a drug (EP 94) produces an effect 24 h later similar in magnitude to when the drug was administered acutely is unique. Interestingly, 1400W did not block the acute effect of EP 94 which is not surprising since eNOS is a more likely target for the early phase of protection [5] . Similar results have been previously reported by Fryer et al. [13] and Jiang et al. [14] in rats and mice. These investigators found that the selective δ 1 -opioid receptor agonist TAN-67 and morphine produced a second window of cardioprotection which was mediated by iNOS upregulation. Moreover, a selective inhibitor of nNOS, nNOS I, did not block the acute cardioprotective effect of EP 94 either but the nonselective NOS inhibitor, l-NAME, blocked the acute protective effect. Taken together, these data with selective and nonselective pharmacological blockers and Western blot analysis of p-eNOS (Ser 1177), clearly suggest that eNOS mediates the acute cardioprotective effect of EP 94 in the ischemic/reperfused rat heart, whereas iNOS mediates the chronic effect of EP 94. This is in agreement with the study by Shinmura et al. [8] and with previous work with other opioid agonists from our laboratory [15, 16] in rat and mouse hearts. Present results indicate that the NO release and K ATP channel openings are the downstream mediators in the acute cardioprotection produced by EP 94, and the activation of a μ-opioid receptor is likely involved [17] . It is of interest to understand the downstream signaling pathway(s) of NO involved in the cardioprotection by EP 94 administration acutely and chronically. The roles of NO in cardioprotection include the activation of Akt and extracellular receptor kinase (ERK) pathways as well as the peroxynitrite-matrix metalloproteinase-2 signaling pathway in preconditioning [18] [19] [20] . 6 . Western blot analysis of rat heart tissues obtained from nonischemic control rats, and from nonischemic and ischemic areas of rats subjected to 30 min occlusion and 5 min reperfusion. a Examples of immunoreactive bands of p-eNOS (Ser 1177) and t-eNOS of the control, and nonischemic and ischemic areas of rat heart tissues (left panel). Also shown are the immunoreactive bands of β-actin from the same membranes for t-eNOS. The average of the ratio of p-eNOS/t-eNOS as normalized to the control rat tissues (right panel; n = 3 rats). * p < 0.05, significantly different from control. b Examples of immunoreactive bands of p-eNOS (Ser 1177) and t-eNOS of the control (no treatment and occlusion and reperfusion), and ischemic and nonischemic areas of rats administered EP 94 (left panel). Also shown are the immunoreactive bands of β-actin from the same membranes for t-eNOS. The average of the ratio of p-eNOS/t-eNOS as normalized to the control rat tissues (right panel; n = 3 rats). Isc = Ischemic. * p < 0.05, significantly different from control. Gross/Hsu/Nithipatikom/Pfeiffer/ Bobrova/Bissessar
Conclusions
In summary, the results of the present study suggest that the newly synthesized enkephalin derivative, EP 94, has a potent cardioprotective effect in reducing IS in a rat model of ischemia reperfusion injury. We also discovered that EP 94 exerts its beneficial effect by opening sarcolemmal and mitochondrial K ATP channels in the heart and has an acute effect in enhancing NO release most likely via eNOS phosphorylation in the heart. Of great interest is the novel observation that EP 94 exerts a cardioprotective effect 24 h after drug treatment via the upregulation of iNOS and enhanced NO release. Based on earlier results published by Frassdorf et al. [9] , it is likely that the increase in iNOS activity results from the activation of the nuclear transcription factor, NF-κB, in rats. Future experiments are needed in animal models or humans to test this possibility. Nevertheless, EP 94 may be a novel new treatment for the acute and/or chronic treatment of patients with an acute coronary syndrome, particularly if its side-effect profile is less serious compared to standard treatment with opioids such as morphine.
